By electron cryo-tomography and subtomogram averaging, translation-arrested 25 ribosomes were used to depict the clustered organisation of the TOM complex on the 26 surface of mitochondria, corroborating earlier reports of localized translation. 27
Introduction
(Mg(OAc) 2 ), as Mg 2+ ions are essential for ribosome and RNC stabilization. In 114 mitochondrial preparations isolated in the presence of Mg(OAc) 2 , we were able to 115 clearly identify ~3 ribosomes (per m 2 mitochondrion surface area) bound to 116 mitochondria on average ( Fig 1A, E -H & Fig EV1A) , confirming the stabilizing effect of 117 Mg 2+ . As the number of bound ribosomes was too low for quantitative statistical 118 analysis of protein import, we investigated further conditions for ribosome stabilization, 119 such as CHX treatment of the cells and CHX inclusion in the buffers for mitochondrial 120 isolation. CHX is known to block the translocation step of elongation, thus stabilizing 121
RNCs [40] [41] [42] . Now ~45 ribosomes (per m 2 mitochondrion surface area) could be 122 clearly identified on the mitochondrial membrane, a 15-fold increase (Fig 1A, I & Fig  123   EV1A ). The Mg 2+ and CHX-treated mitochondria are subsequently referred to as MAR. 124
The steady-state protein levels of isolated control and MAR samples were analyzed to 125 confirm observations made by cryoET ( Fig 1B) . Accordingly, protein markers of both the 126 60S (uL22 and uL4) and the 40S ribosome (uS4) were significantly increased in the MAR 127 7 purification of the TOM complex, via its Histidine10-tagged core protein Tom22, 154 demonstrated that the ribosomal protein marker uL22 and the ribosome-localized 155
Hsp70 family chaperone Ssb1 could be co-purified (Fig 2A, lane 7) . The ribosome-156 Tom22 HIS interaction was lost when MAR samples were pretreated with EDTA (Fig 2A,  157 lane 8), which leads to ribosome dissociation by depletion of Mg 2+ ions. To confirm this 158 result, the ribosome-TOM complex interaction was further investigated by an 159 alternative approach. Affinity purification via HA-tagged Tom40, the TOM complex 160 component that forms the central pore of the translocase, demonstrated the co-161 purification of ribosomal protein uL22 from MAR samples ( Fig EV2A, lane 4) . Similarly, 162 uL22 and Ssb1 were eluted with Tom40 HA when high molecular weight (HMW) 163 membranes, that also contain mitochondrial membranes ( Fig EV2B) , were subjected to 164 affinity purification ( Fig 2B, lane 4) . 165
166
The observed interaction of ribosomes with the TOM complex could be mediated by 167 nascent chains of mitochondrial precursor proteins. To test this hypothesis, we 168 analyzed ribosome association with mitochondria after dissipation of the 169 electrochemical potential (-ΔΨ) of the mitochondrial inner membrane with carbonyl 170 cyanide m-chlorophenyl hydrazone (CCCP), as precursors with N-terminal 171 presequences and hydrophobic inner membrane proteins are known to require the -172 ΔΨ for their import [12, 13, 16] . We observed a reduction in the amount of ribosomes 173 associated with mitochondria-enriched membranes in the samples treated with CCCP, 174 as indicated by ribosome marker proteins (uS4, uL22 and Egd1) ( Fig 2C) . This reduction 175 was dependent on the time of CCCP treatment ( Fig 2C & D) . It was shown previously 176 that mitochondrial precursor proteins accumulate in the cytosol upon dissipation of the 177 -ΔΨ [18, 47] . However, simultaneous treatment with CCCP and CHX did not reduce the 178 amount of ribosomes in isolated MAR and HMW membrane samples (Fig EV2C & D, 179 8 lane 4). This may indicate that CCCP does not affect the localization of ribosomes that 180 are already stably bound to mitochondria. We reasoned that ribosome-bound nascent 181 chain import is involved in RNC binding to the mitochondrial outer membrane. Thus, 182 the nascent chain release should cause a ribosome dissociation from mitochondria. 183
Puromycin is a commonly used translation inhibitor that competes with 184 aminoacetylated tRNA at the ribosomal A site, causing premature translation 185 termination and polypeptide release [48] . However, the use of CHX during MAR 186 isolation procedure blocks nascent chain puromycilation. CHX inhibits eEF2-mediated 187 mRNA translocation showing a dominant effect over puromycin [42, 49] . For this 188 reason we applied hydroxylamine (NH 2 OH) as a nascent chain releasing agent [50, 51] . 189
Hydroxylamine is a small compound that can reach the ribosomal active site and break 190 the tRNA-peptide bond. To confirm hydroxylamine properties we took advantage of 191
RNCs harboring the nascent chain for Tim9 (directed to the intermembrane space), 192 which was lacking a stop codon [52, 53] . A radiolabeled nascent chain bound to 193 ribosomes can be detected in a complex with tRNAs when analyzed by SDS-PAGE [52] 194 (Fig 2E, lane 6) . To further confirm that ribosomes dissociate 200 from mitochondria upon nascent chain release, we subjected MAR samples 201 preincubated with 1,5M hydroxylamine to centrifugation in an iodixanol gradient as 202 before. The majority of ribosomal proteins (uS4, uL22) and ribosome associated 203 proteins (Ssb1) were now detected in lighter fractions, similar to the cytosolic protein 204 9 mitochondrion surface area) could be identified in hydroxylamine-treated and purified 206 MAR samples, showing a 66% reduction compared to the untreated state ( Fig EV2I) . To 207 exclude a negative effect of high hydroxylamine concentration on the ribosome 80S 208 structure, we purified cytoplasmic ribosomes preincubated with 1.5 M hydroxylamine 209 using the TAP-tagged large ribosomal subunit uL13a TAP . The ribosomal proteins (uS4 210 and uL22) were detected in the eluate at the same level in the control as well as the 211 hydroxylamine treated sample ( Fig 2G, lanes 3 & 4) . These results confirmed that 212 nascent chain release from the ribosome by hydroxylamine treatment does not cause 213 80S ribosome disassembly. Interestingly, hydroxylamine caused dissociation of the 214 Ssb1 protein from the ribosome ( Fig 2G, lane 4) . In line with our findings, previous 215 reports showed that Ssb1 proteins interact only with active ribosomes, when the 216 nascent chain is long enough to emerge from the exit tunnel [33, 44, 54] . To conclude, 217 the binding of ribosomes to the mitochondrial surface was sensitive to hydroxylamine, 218 which specifically removes nascent chains from the ribosome. 219 220
Mitochondrial-bound ribosomes are specifically oriented for protein import 221
To investigate the 3D localization of ribosomes bound to mitochondria, iodixanol 222 purified MAR samples were investigated in detail by cryoET and StA (Fig 3) . Two 223 different populations of ribosomes could be clearly observed; the first was a distinct 224 group located at the mitochondrial membrane (MAR-M, orange arrowheads in Fig 3A- Fig EV3) . Placing the MAR-229 M and MAR-P structures back into the 3D volume revealed a number of interesting 230 details. Firstly, both groups form discrete clusters on mitochondria ( Fig 3F) , in 231 10 agreement with previous data reporting on the distribution of proteins arrested 232 through TOM-TIM23 supercomplexes [39] . Soluble MAR-P clusters are associated with 233 a neighbouring MAR-M groups ( Fig 3F) . In general, polysomes form clusters that 234 translate mRNA simultaneously and form highly flexible structures [55] [56] [57] . On this 235 basis, we suggest that ribosomes in the MAR-P group are polysomes, attached to MAR-236 M ribosomes through mRNA molecules ( Fig 3G) . 237
238
In the MAR-M population, ribosomes were clearly specifically oriented with the 239 polypeptide exit tunnel pointing towards the outer membrane for import, often 240 observed within the vicinity of the CJs (Fig 3G, H) . Ribosomes were also observed to 241 group locally around a tubular section of one mitochondrion, which is possibly a fission 242 constriction ( Fig 3I-L) [58] . Interestingly, TOM-TIM23 arrested preproteins were 243 previously found to cluster around a fusion septum [39] , providing additional support 244 for the idea that protein import sites occur at specific microdomains. 245 246
Using ribosomes to investigate clustering of the TOM complex 247
The ribosome provides an effective tool to mark the position of the TOM complex in 248 situ. To investigate observed clustering of protein import sites on the mitochondrial 249 surface in more detail, distance calculations were made between individual ribosomes 250 and their closest neighbour using an established protocol [39] . This revealed that ~90% 251 of TOM complexes exist in discrete clusters, marked by two or more ribosomes located 252 <50 nm apart ( Fig 4A) . For statistical analysis of ribosome numbers, the absolute values 253 of both MAR-M and MAR-P populations on individual mitochondria were correlated to 254 the surface area of the outer membrane. This revealed a linear correlation for both 255 populations, with an average value of 157 MAR-M (TOM complexes) and 84 MAR-P per 256 m 2 outer membrane surface respectively ( Fig 4B) . Many recent reports detail the 257 11 relationship between the import machinery and the CJ [52, [59] [60] [61] [62] . To directly visualize 258 the spatial relationship between the TOM complex and the CJ in situ, the distance 259 between each MAR-R ribosome and its nearest CJ was calculated ( Fig EV4) . This was 260 compared to previous data (now visualised differently) showing the distribution of 261 saturated TOM-TIM23 supercomplexes ( Fig 4C) . This analysis revealed that whilst both 262 TOM and TOM-TIM23 supercomplexes tend to cluster preferentially around CJs, the 263 TOM complex distribution is significantly broader than that of TOM-TIM23 ( Fig 4D) . 264
Additional statistical analyses were performed to investigate the distribution of cluster 265 sizes. For both data sets, <15% of ribosomes existed as a single entity, and the major 266 group size was between 2-5 ribosomes per cluster ( Fig 4E & F) . In the MAR-M 267 population, ~5% of ribosomes existed in 'superclusters', defined as a group of >26 268 ribosomes. MAR-P clusters existed in groups of maximum 25 ribosomes, similar to that 269 reported previously for cytosolic ribosomes observed in whole cells [56] ; in this case 270 'superclusters' were not seen ( Fig 4F) . 271
272

Comparison to ribosome tethering to the ER 273
From the same samples that were used for cryoET of MAR-M and MAR-P, 230 ER-274
bound Ribosomes (ER-R) could also be identified for StA from the same tomograms ( Fig  275   5A , B & Fig EV3) . Visualization of the resulting average in the 3D volume also revealed 276 discrete clusters on small vesicles ( Fig 5C) . However, as we only report on a small part 277 of the ER-R population, detailed statistical analysis of clustering was not carried out. A 278 small density could be observed to make a connection between ribosomes and the ER 279 membrane ( Fig 5D) . By docking X-ray structures of yeast ribosomes [63] into the ER-R 280 and MAR-M StA maps, the density was identified as rRNA expansion segment eS7 L a (Fig  281   5E ). This is in agreement with previous reports of ER membrane-associated canine 282 ribosomes [57] . Contra to the ER-R population, at this resolution eS7 L a is not seen to 283 connect to the mitochondrial membrane ( Fig 5F) . No density was observed for rRNA 284 expansion segment eS27 L in either structure ( Fig 5E & F) , in line with previous reports 285 of its extremely dynamic behavior [63] . 286
287
The lack of protein or rRNA density between the ribosome and the mitochondrial 288 membrane suggests that CHX-stabilized ribosomes could be tethered to the TOM 289 complex by the polypeptide chain only. Analysis of the distances between MAR-M or 290
ER-R populations and their corresponding membranes demonstrated the variability in 291
tethering between the two groups. The average distance (measured from the base of 292 the cleft between the 60S and 40S subunits to the membrane) was similar, at ~13 nm 293 and ~ 12 nm respectively ( Fig 5G & Fig EV5) . The more notable difference was the 294 variation in tethering distances, with variance calculated at 8.6 nm for MAR-M and 3.2 295 nm for ER-R populations respectively ( Fig 5G, H & Fig EV5) . With respect to tethering 296 distances, the ER-R group displayed a clear narrow distribution, with ~70% of 297 ribosomes within the range 10-14 nm from the membrane. The MAR-M group however 298 displayed a much wider distribution, with only ~50% within the same range. A StA 299 calculated for the MAR-M population that included only ribosomes located within the 300 10-14 nm range (240 particles, a similar number to that used in the ER-R average) did 301 not result in additional information (data not shown). Due to the extremely low 302 number of ribosomes bound in conditions without CHX stabilization, StA was not 303 possible. Such a flexible mode of tethering agrees with the observation that the MAR-304 M population exhibits a significant degree of orientational flexibility with respect to the 305 position of the polypeptide exit tunnel relative to the membrane ( Fig 3H) . 306 307 Discussion 308 309 13 Using cryoET, we were able to provide supportive evidence for the existence of co-310 translational import into isolated mitochondria. Using CHX-arrested RNCs bound to 311 mitochondria, we performed StA and biochemical analyses to 312 demonstrate that cytosolic ribosomes are localized at the mitochondrial outer 313 membrane due to nascent chain import. This is based on several lines of evidence 314 described as follows. Firstly, we were able to detect the ribosome-TOM complex 315 interaction, which was reversible by induction of nascent chain release. CryoET and StA 316 revealed two groups of associated ribosomes, a distinct population located at the 317 mitochondrial membrane (MAR-M), and a second group of soluble polysomes (MAR-P). 318
The MAR-M group was directionally oriented with the polypeptide exit tunnel pointing 319 towards the membrane for import and was tethered through the TOM complex by the 320 polypeptide chain. The ribosomes in the MAR-P population displayed more undefined 321 orientations. In human cells, polysomes were found to exist in various conformations, 322 ranging from unordered to helical, planar and spiral [56] . It is possible that organelle 323 isolation and thus the absence of certain cytosolic factors could result in the 324 predominantly undefined orientations described here. 325
326
The tethering distance between MAR-M and the mitochondrial membrane and ER-R 327 and the ER membrane is 12-13 nm, but the variance is approximately 3-fold more (8.6 328 nm to 3.2 nm) for MAR-M. The larger variation in tethering distance is likely due to the 329 flexibility and varying angle of attachment afforded by the connection made through a 330 nascent polypeptide chain. Interestingly, dissipation of the membrane potential by the 331 chemical uncoupler CCCP affected ribosome association with mitochondria only if CCCP 332 treatment preceded the addition of CHX. This indicates that post lysis RNC recruitment 333 to mitochondria had no significant effect on our results. These data do not exclude the 334 presence of a specific mitochondrial receptor for ribosomes that may be critical for 335 14 specific earlier steps of import, such as binding and initiation. A connection is observed 336 between ER-R and the membrane by eS7 L a, which is flexible in yeast as it is not 337 stabilized by ribosomal proteins such as L28e, found in other species [63] . This could 338 explain why eS7 L a appears to be partially twisted away in both structures, similar to 339 that observed previously [4] . 340 341 Here, we were able to locate 167 TOM complexes per m 2 outer membrane surface, 342 approximately 2-fold more than the 69 TOM-TIM23 import sites determined in the 343 previous study [39] . This is in agreement with the fact that TOM is more abundant in 344 mitochondria than TIM23 [64] . We also demonstrate that import through the TOM 345 complex occurs in the vicinity of CJs, but this distribution is significantly broader than 346 for arrested TOM-TIM23 supercomplexes. Our data therefore highlight key roles that 347 the TIM23 complex may play in the mitochondrial organizing network. Both MAR-M 348 and MAR-P were seen to associate with mitochondria in the form of clusters, also 349 observed for proteins imported by the TOM-TIM23 route [39] . Import sites were 350 observed to cluster around fusion sites [39] and in this work, around a potential fission 351 constriction. Yeast proteins that are reportedly involved in fusion and fission are 352 imported to mitochondria from cytosolic ribosomes [58, 65] . This is therefore 353 consistent with the idea that import sites can redistribute to specific regions of 354 mitochondria [39] . 355
356
In conclusion, our data provides structural evidence supporting the theory that 357 nuclear-encoded mitochondrial proteins are synthesized locally at the mitochondrial 358 outer membrane. mRNA recruitment to the mitochondrial surface is a key step to sort 359 and polarize translation within the cell [22, 27, 66] . During ongoing translation the 360 distance between the nascent chain and protein translocase is short, increasing the 361 15 import efficiency [67] . Knowing that protein translocation is much faster than protein 362 translation, protein length may determine if the two processes will occur 363 simultaneously [68] . It is therefore no surprise that the most studied protein thought to 364 be delivered to mitochondria in a co-translational manner is Fum1, with a larger than 365 average molecular weight [69] . Nevertheless, by stalling translation with CHX, we could 366 observed different ribosome populations, including strings of polysomes present on the 367 mitochondrial surface. Thus, at any given time, only a small fraction of ribosomes are 368 seen to interact with the TOM complex, whilst many more could translate 369 mitochondrial proteins from a single mRNA molecule. 370
371
Correct mRNA and protein delivery is likely more challenging with increasing cell 372 volume and a higher demand for timely organization of mitochondrial biogenesis [70] . The strains used in this study were derivatives of Saccharomyces cerevisiae YPH499 386 (MATa, or BY4741 (MATa, 387 his3Δ1; leu2Δ0; met15Δ0; ura3Δ0) . The YPH499 strains carrying centromeric plasmids 388 that express Tom40, Tom40 HA or Tom22 HIS were described previously [72] [73] [74] . A strain 389 that carried chromosomally integrated uL13a TAP was purchased from GE Dharmacon 390 (Lafayette, CO, USA). Aldrich, St. Louis, MO, USA) was used. Crude MAR were separated on a step gradient 408 with 10 layers (1 ml volume each) ranging from 0 to 27% v/v of iodixanol in Gradient 409 buffer (10 mM Tris-HCl, 8.75% w/v sorbitol, 2 mM Mg(OAc) 2 , 50 μg ml -1 CHX, pH 7.4) by 410 centrifugation at 80,000 x g for 40 min at 4 °C using SW41 Ti rotor (Beckman Coulter  411 Inc., Miami, FL, USA). To analyze the organellar sedimentation profile, each gradient 412 fraction was collected and precipitated with 10% (w/v) trichloroacetic acid (Carl Roth 413 GmbH). The protein pellet was washed with iced-cold acetone, solubilized in Urea 414
Sample buffer (6 M Urea, 125 mM Tris-HCl, 6% SDS, 50mM DTT and 0.01% (w/v) 415 bromophenol blue , pH 6.8) denatured at 37 °C for 15 min and analyzed by SDS-PAGE 416 followed by Western blotting. For cryoET analysis, fractions with the highest 417 mitochondrial content (corresponding to 15% and 21% iodixanol concentrations) were 418 pooled, diluted 10-fold with SM buffer supplemented with 50 μg ml -1 CHX and 2 mM 419 Mg(OAc) 2 and centrifuged at 22,000 x g for 20 min at 4 °C to re-isolate MAR. Pelleted 420 MAR were resuspended in SM buffer as before and used for further analysis. 421 422
Isolation of high molecular weight membranes 423
To isolate HMW membranes, yeast cells were harvested, washed with ice-cold water 424 and disrupted in Lysis buffer (20 mM Tris-HCl, 10% w/v glycerol, 100 mM NaCl, 2 mM 425 PMSF, 50 mM iodoacetamide, pH 7.4) with glass beads (425-600 μm, Sigma-Aldrich) 426 using a Cell Disruptor Genie (Scientific Industries, Bohemia, NY, USA) at 2,800 rpm for 7 427 min at 4 °C. To isolate HMW membranes under ribosome stabilizing conditions, Lysis 428 buffer was supplemented with 2 mM Mg(OAc) 2 and 50 μg ml -1 CHX. Cell debris were 429 removed by centrifugation at 4,000 x g for 5 min at 4 °C. HMW membranes were 430 pelleted by centrifugation at 20,000 x g for 15 min at 4 °C, washed and resuspended in 431 After a clarifying centrifugation at 20,000 x g for 15 min at 4 °C, the supernatant was 474 incubated with Ni-NTA agarose (Qiagen, Hilden, Germany) for 1 h at 4 °C. Protein 475 complexes were eluted by incubation with Elution buffer (20 mM Tris-HCl, 100 mM 476 NaCl, 400 mM imidazole, pH 7.4). Eluted proteins were precipitated with StrataClean 477 resin (Agilent Technologies, Santa Clara, CA, USA). The samples were incubated with 478
Laemmli buffer with 50 mM DTT at 65 °C for 15 min and analyzed by SDS-PAGE 479 followed by Western blotting. 480 481 Immuno-affinity purification of uL13a TAP 482 uL13a TAP cells were treated with CHX, pelleted and washed with ice-cold water. Yeast 483 cells were resuspended in Lysis buffer supplemented with 2 mM Mg(OAc) 2 and 50 μg 484 ml -1 CHX, followed by disruption with glass beads using the Cell Disruptor Genie at 485 2,800 rpm, for 7 min at 4 °C. Cell debris were removed by centrifugation at 20,000 x g 486 20 for 15 min at 4 °C. The protein concentration of the supernatant (cytoplasmic fraction) 487 was determined by the Bradford method. 3 mg of protein were incubated with 1.5 M 488 hydroxylamine for 30 min at 30 °C with gentle shaking. Samples were cooled on ice and 489 subjected to IgG-Sepharose (GE Healthcare) affinity chromatography for 1 h at 4 °C. 490
The column was washed 3 times with Washing buffer (20 mM Tris-HCl, 150 mM NaCl, 2 491 mM Mg(OAc) 2 , 50 μg ml -1 CHX, pH 7.4), followed by the elution of protein complexes 492 with Laemmli buffer with 50 mM DTT. Samples were analyzed by SDS-PAGE and 493
Western blotting. 494 495
Generation of RNCs and release assay 496
[ 35 S] methionine labeled Tim9-RNCs were generated as described previously [52] . 497
Radiolabeled RNCs were resuspended in Release buffer supplemented with 1.5 M 498 hydroxylamine and incubated for 30 min at 30 °C with gentle shaking. Reaction 499 mixtures were mixed with Laemmli buffer containing 50 mM iodoacetamide, 500 denatured at 65 °C for 15 min and analyzed by SDS-PAGE followed by autoradiography 501 (Variable Mode Imager Typhoon Trio, GE Healthcare). 502 503
Electron cryo-tomography and subtomogram averaging 504
Mitochondrial samples at a protein concentration of ~5 mg ml -1 total mitochondrial 505 protein were mixed 1:1 with 10 nm protein A-gold (Aurion, Wageningen, The 506
Netherlands) as fiducial markers and applied to glow-discharged R2/2 Cu 300 mesh 507 holey carbon coated support grids (Quantifoil, Jena, Germany) by gentle pipetting. 508
Grids were blotted for ~4 s in a humidified atmosphere and plunge-frozen in liquid 509 ethane in a home-made device. Dose-fractionated tomograms (3-8 frames per 510 projection image) were typically collected from +60° to -60° at tilt steps of 2° and 5-8 511 21 μm underfocus with a total dose per tomogram of <140e -/Å 2 . Data collected at 42,000x 512 (corresponding to a pixel size of 3.3 Å) on the Titan Krios were used for all StA. 513 514
Electron cryo-tomography 515
Tomography was performed either using a Tecnai Polara, Titan Krios (FEI, Hillsboro, 516 USA) or JEM-3200FSC (JEOL, Tokyo, Japan) microscope. All microscopes are equipped 517 with field emission guns operating at 300 keV, K2 Summit direct electron detector 518 cameras (Gatan, Pleasanton, USA) and either a post-column Quantum energy filter 519 operated at a slit width of 20 eV (FEI microscopes) or an in-column energy filter 520 operated with a slit width of 40 eV (JEOL microscope). Dose fractionated data were 521 collected using Digital Micrograph (Gatan) with various pixel sizes (depending on the 522 microscope) per image. Tomograms were aligned using the gold fiducial markers and 523 volumes reconstructed by weighted back-projection using the IMOD software [76] . 524
Contrast was enhanced by non-linear anisotropic diffusion (NAD) filtering in IMOD [77] . 525
Segmentation was performed using AMIRA (FEI). 526 527
Subtomogram averaging 528
For the MAR-M and ER-R populations, two-point coordinates corresponding to the 529 centre of the ribosome and the centre of either the outer mitochondrial or ER-530 membrane were marked manually in IMOD [76] . Sub-volumes from twice-binned 531 tomograms were then extracted from NAD filtered data and an initial alignment and 532 averaging performed in SPIDER [78] . This average was used as a reference for 533 alignment and refinement using PEET [79] . A full 360° search was performed in Phi 534 (twist around the particle), whereas Theta and Psi (bending in the x-y plane and z 535 angles respectively) covered only +/-90°. 1215 subvolumes were used for the MAR-M 536 structure and 230 subvolumes for the ER-R calculation, using a mask to exclude the 537 22 membrane from the alignment. In the final iteration step for the MAR-M average, NAD-538 filtered tomograms were replaced by unfiltered contrast transfer function (CTF)-539 corrected data (Fig. 3d ). Due to the reduced particle number for the ER-R population, 540 this final step was not performed. Resolution estimates were obtained using 541 conventional 'even/odd' Fourier shell correlation (FSC), applying the 0.5 FSC criterion, 542 using a mask to exclude the membranes from this estimate. In order to visualize the 543 distribution and orientation of the MAR-P population in 3D space, a StA was also 544 calculated. One-point co-ordinates were selected in the centre of each ribosome, and 545 subvolumes extracted for a full angular search in all three directions (Fig. 3e ). All NAD-546 filtered ribosome populations were displayed in AMIRA using the PlaceObjectsInSpace 547 tool (Fig. 3 ). X-ray data of yeast ribosomes (PDB-4V6I with PDB-3IZD, including a model 548 of the position of eS27 L ) [63] were docked into comparably NAD-filtered 3D maps of 549 MAR-M or ER-R structures using Chimera (Fig. 5e & f) , which was also used to remove 550 low contrast background noise for display using the 'hide dust' tool (UCSF, San 551 Francisco, USA). 552 553
Calculation of the number of ribosomes associated with each mitochondrion 554
In order to calculate the approximate number of ribosomes bound to mitochondria 555 during optimization of sample preparation (Fig. 1a) , only side-view ribosomes were 556
counted. This is due to the 'missing wedge' of information in tomography and the 557 difficulty in identifying ribosomes bound to the upper and lower surfaces of 558 mitochondria, especially those that are large and dense (> 500 nm). These values 559 should therefore not be taken as absolute, but rather as a relative comparison between 560 all 4 sample preparation conditions. Sample sizes for side-view ribosomes (Fig. 1a) are 561 taken from 22 mitochondria in total and accumulate as follows: 30 MAR in +Mg(OAc) 2 , 562 206 MAR in +Mg(OAc) 2 +CHX and 824 MAR in +Mg(OAc) 2 +CHX +I. After further data 563 23 collection, an accurate absolute value was calculated for MAR-M and MAR-P 564 populations under final stabilizing conditions (+Mg(OAc) 2 +CHX +I in Fig. 1a ), by 565 selecting only mitochondria in thin ice (< 500 nm) for the analysis, whereby ribosomes 566 could be clearly defined around the entire circumference (Fig. 4b) . This was performed 567 for 923 MAR-M and 523 MAR-P data points, combined from 6 mitochondria. 568
Calculation of mitochondrial surface area was performed as previously described [39] . 569 570
Calculation of ribosome distribution and clustering 571
The distance between ribosomes, and between ribosomes and CJs, was determined 572 with a MATLAB (Mathworks, California, USA) script as previously described [39] . In 573 order to calculate an accurate value based on coverage of the entire mitochondrial 574 surface, again only mitochondria that demonstrated both side-views and clear upper 575 and lower surface views of ribosomes were included in the analysis. This was 576 performed for 923 MAR-M, combined from 6 mitochondria. Averaged histograms were 577 calculated to depict the mean frequency of occurrence for each minimal distance. To 578 account for the different numbers of ribosomes in each data set, the mean frequency 579 was calculated as a percentage. 580 581
Calculation of ribosome distances from membranes 582
To calculate the distance between MAR-M or ER-R and their respective membranes, 583 the xyz co-ordinates corresponding to the position of the cleft between the 60S and 584 
